We have investigated the 3-D architecture of the thylakoid membranes of Arabidopsis, tobacco and spinach with a resolution of ~ 7 nm by electron tomography of high pressure frozen/freeze-substituted intact chloroplasts. Higher plant thylakoids are differentiated into two interconnected and functionally distinct domains, the photosystem II/LHCII- 
INTRODUCTION
The term thylakoid is the name coined by Menke (1962) to describe the internal photosynthetic membranes of chloroplasts. Most of our knowledge of the threedimensional (3-D) architecture of higher plant thylakoids is based on the analysis of electron micrographs of thin-sectioned in situ and isolated chloroplasts (Staehelin, 2003) .
The first electron micrographs of thin-sectioned chloroplasts in which the internal thylakoid membranes were clearly resolved indicated that they were organized in the form of flat sheets and membrane stacks (Hodge et al,, 1955; Steinmann and Sjöstrand, 1955) . Menke (1960) subsequently postulated that higher plant chloroplasts contained many individual, sac-like thylakoids of two types, small thylakoids that gave rise to the grana stacks, and large thylakoids (now called stroma thylakoids) that interconnected the grana stacks. Menke's (1960) model was challenged by Weier and co-workers (Weier, 1961; Weier et al., 1963) , whose micrographs showed that the stroma thylakoids were not only connected to grana thylakoids, but also formed a tubular network that linked grana thylakoids in adjacent stacks as well as grana thylakoids at different levels in a given stack. Heslop-Harrison (1963) and Wehrmeyer (1964) were the first to show that the stroma thylakoids were arranged in a spiral-like configuration around grana stacks, and that at each grana-stroma membrane intersection the two membranes were fused together.
Their models set the stage for the classic studies of Paolillo and co-workers (Paolillo et al., 1967; Paolillo, 1970) , who demonstrated that each grana stack was associated with multiple, parallel spiraling stroma thylakoids (2-12; typically 8), and that the ascending stroma thylakoids always form right handed helices. One architectural feature highlighted in Paolillo's (1970) model is the amount of 3-D connectedness between all thylakoids of a given chloroplast, thus suggesting that all thylakoid lumen form a continuum.
Central predictions of Paolillo's (1970) model such as the helical organization of multiple parallel stroma thylakoids around a given grana stack, and the tubular connections between the grana thylakoids and adjoining stroma thylakoids have been observed by freeze-fracture electron microscopy (Staehelin and Arntzen, 1983; Staehelin and van der Staay, 1996) . The spiral organization of the stroma membranes around mechanically isolated grana stacks has also been visualized by means of scanning electron microscopy 6 (Mustárdy and Jánossy, 1979) . Although these freeze-fracture and scanning electron microscopy studies provided interesting new perspectives on the 3-D architecture of grana and stroma thylakoids, they did not yield any new insights necessitating major revisions to the Paolillo (1970) model. Thus, the more recently published 3-D models of grana and stroma thylakoids (Staehelin and van der Staay, 1996; Mustárdy and Garab, 2003) should be viewed as slightly refined iterations of Paolillo's (1970) thylakoid model rather than new thylakoid models.
An alternative model known as the "forked" or "folded membrane" model originated from an attempt to illustrate in a simple diagram how photosystem I and photosystem II are segregated into stroma and grana membrane domains (Andersson and Anderson, 1980; Anderson and Andersson, 1988) . More recently, a computerized version of this model was developed (Arvidsson and Sundby, 1999) to explain the rapid, cation-induced changes in chlorophyll-α fluorescence (Briantais et al., 1984) , which have been postulated to reflect changes in membrane architecture related to unstacking and restacking of the thlakoid membranes. To date, no ultrastructural studies have been published in support of the forked/folded membrane model except for some of the data presented in the recent electron tomography paper of Shimoni et al. (2005) , which are discussed in greater detail below.
Due to the approximately 20 fold higher z-axis resolution of electron tomography (6 -8 nm) compared to serial thin section electron microscopy (120 -160 nm; McIntosh et al., 2005; Donohoe et al., 2006) , electron tomography has the potential of yielding novel information on the 3-D structure of thylakoids. Three electron tomography studies of higher plant thylakoids have been published to date (Shimoni et al., 2005; Mustárdy et al, 2008; Daum et al., 2010) . Unexpectedly, the first of these investigations (Shimoni et al., 2005 ) yielded a thylakoid model that differed from the Paolillo (1970) model, whereas the data presented in the two latter studies (Mustárdy et al., 2008; Daum et al., 2010) appear to support the model. Shimoni et al. (2005) investigated the structure of thylakoids in intact chloroplasts of high pressure frozen/freeze-substituted lettuce leaf cells. Although the chloroplasts appear well frozen, the heavy staining of the chloroplast stroma, and the resulting negative staining of the thylakoid membranes limits the overall resolution of the samples. In turn, the lack of positive staining of the membranes also makes it more difficult to produce precise tracings of the membranes for model building. Nevertheless, the authors state that their tomograms provide support for a novel thylakoid model that contains elements of the folded membrane model (Anderson and Andersson, 1988) . The novel thylakoid model of Shimoni et al. (2005) as follows by the authors: "The granum layers are formed by bifurcation and subsequent fusion of the membranes rather than by invagination or folding. Adjacent layers in the granum are not connected to each other through the stroma lamellae. Instead, they are interconnected directly through their edges, which bend toward and fuse with neighboring layers." Unfortunately, the limited depth of the tomographic reconstructions reproduced, combined with the poor thylakoid membrane staining, raises questions about the validity of the interpretation of the data that support the postulated novel type of bifurcated grana-stroma thylakoid model. The goal of this study was to produce electron tomography-based models of entire grana stacks and of complete sets of stroma thylakoids between grana stacks in intact chloroplasts preserved by high pressure freezing/freeze-substitution methods. To achieve this objective, we also developed a freeze-substitution protocol that enabled us to overcome the problem of negative membrane staining encountered in the Shimoni et al. 
RESULTS
This study reports on an electron tomography study of the 3-D architecture of grana and stroma thylakoids of in vivo chloroplasts of Nicotiana tobacum and Arabidopsis thaliana, and of isolated intact spinach chloroplasts (which we found could be used interchangeably) preserved by high pressure freezing/freeze-substitution methods. The investigation included the recording of 20 tomograms, the analysis of ~4500 tomographic slice images, and the examination of ~300 thin section electron micrographs. The sections used for the preparation of the tomograms were either 250 or 300 nm thick, and for the reconstruction of larger chloroplast volumes containing multiple grana stacks and associated stroma thylakoids we produced montages consisting of up to 10 individual tomograms (Austin et al., 2005) . As detailed below, the resulting thylakoid models both confirm the central elements of the helical grana-stroma thylakoid model of Paolillo (1970) , while also revealing architectural details not previously reported.
Stroma thylakoids form multiple, parallel helices around the cylindrical grana stacks to which they are connected
The type and quality of the tomographic slice images produced during this investigation is documented in Figure 1 . Of particular importance for this study are the positive staining of the grana and stroma thylakoid membranes, the lack of staining of the clearly delineated thylakoid lumen, and the lightly stained stroma in which individual ribosomes and other molecules are readily discerned. However, to better illustrate the different types of stroma thylakoid configurations and grana-stroma thylakoid interactions, we have omitted several of the stroma thylakoids from the model ( Fig. 2D and E ).
The models of the cylindrical grana stack and associated stroma thylakoids shown in As predicted by the Paolillo (1970) model, the sheet-like stroma thylakoids associated with the stack ( Fig. 2A and 2L ) appear evenly spaced as they spiral up and around the grana stack.
The junctional connections between stroma and grana thylakoids have a slit-like geometry and are of variable size
To characterize the junctional connections between individual spiraling stroma thylakoids and associated grana thylakoids within a stack, we have performed detailed analyses of serial tomographic slice images of the junctions (Fig. 4) . The image series starts (Fig. 4A , slice #0) with a slice in which a stroma thylakoid (highlighted in green) is seen to be continuous with the grana thylakoid (yellow) labeled C (arrow). The next image (Fig .   4B ; slice #10; 22 nm below) shows the beginning of a membrane branch that links the stroma thylakoid to both grana thylakoid C and grana thylakoid B. A gradual change in geometry of the junctional connection is seen as the slice level progresses to slice #20 ( Fig. 4C ) and slice #30 (Fig. 4D) . In slice #40, the stroma thylakoid appears only connected to grana thylakoid B (Fig. 4E, arrow) , and the same type of spatial relationship to grana thylakoid B continues on through slice #60 ( Figure 5B to match the plane of the spirally organized connecting regions between the stroma thylakoid and the adjacent grana thylakoids. A model of this association is shown in Figure 5D . Interestingly, when this model is analyzed in greater detail, not all of the grana-stroma thylakoid junctional connections are seen to be precisely arranged in a spiral-like configuration, and one of the junctional connections is seen to have twice the slit length (~248 nm) of the others (Fig. 5D , open arrowheads).
Another example of a long junctional slit (~307 nm) and the associated interruption of the helical organization of a stroma thylakoid is illustrated in Figure 6 (open arrowheads). As seen most clearly in Figures 6B and D, the stroma thylakoid adjacent to the grana thylakoid with the longer length slit also becomes parallel to that grana thylakoid, breaking the helical organization of the stroma thylakoid.
The architecture of stroma thylakoids connecting adjacent grana stacks is variable
Figure 8 depicts tomography-based models of two pairs of grana stacks (yellow) and their interconnecting stroma thylakoids (multiple colors), which illustrate the variable architecture of stroma thylakoids in chloroplasts. The first model ( Fig. 8A-D) shows three parallel, sheet-like stroma thylakoids that form bridging structures between the two grana stacks, but lack any connections to each other. In contrast, the second model ( Fig. 8E-G) displays four spiraling and branching stroma thylakoids that not only bridge the space between the grana stacks, but also form a 3-D membrane network that connects grana thylakoids at different levels within each grana stack. To better illustrate the geometry of the connecting regions between the differently colored, but physically continuous stroma thylakoid membrane domains, we only show the green (semitransparent) and the red stroma thylakoids in the tilted model image Figure 8F , and the red and blue stroma thylakoids in Figure 8G . 
Membrane stacking is a common feature of bacterial, algal and higher plant photosynthetic membranes
The differentiation of thylakoid membranes into stacked and non-stacked membrane domains has a long evolutionary history (Staehelin, 1986) . For example, the non-oxygen evolving, purple photosynthetic bacterium Rhodopseudomonas palustris contains large stacks of thylakoid membranes (Varga and Staehelin, 1983) as does the oxygen-evolving cyanobacterium Prochloron (Giddings et al., 1980) , which lacks phycobilisomes but contains a chlorophyll a/b pigment protein complex that resembles light harvesting complex II (LHCII), the main membrane adhesion factor of higher plant thylakoids (McDonnel and Staehelin 1980) . Similar stacked thylakoid membrane domains capable of segregating different types of protein complexes into different membrane domains are characteristic features of green algae such as Chlamydomonas reihardtii (Goodenough and Staehelin, 1971) and Euglena gracilis (Miller and Staehelin, 1973) . In higher plants, the stacked membrane domain architecture has evolved into structures known as grana stacks (Menke, 1962) . fine-tuning of photosynthethic functions such as optimizing the rates of turnover of photosystem I (PSI) and photosystem II (PSII), and the flow of electron through the electron transport chain (Staehelin and Arntzen, 1983; Trissl and Wilhelm, 1993; Anderson, 1999; Kirchhoff et al., 2007) . In addition, grana allow for the incorporation of large light-harvesting antennae for photosystem II into the thylakoid membranes without excessively restricting electron transport (Mullineaux, 2005) . The ratio of grana to stroma membrane domains in higher plant chloroplasts is highly variable, with low light plants of rain forests such as Alocasia macrorhiza producing much larger, up to 100 grana thylakoid-containing stacks (Anderson et al., 1973) , than high light plants grown in full sunlight (5 -15 grana thylakoids).
Stroma thylakoids wind around grana stacks in a helical fashion and are connected to the grana thylakoids via slits to the grana margins
To take full advantage of the 3-D resolution of electron tomography, we have studied exclusively intact chloroplasts preserved by high pressure freezing/freeze-substitution methods (Kiss and Staehelin, 1995) . The improved structural preservation of thylakoids prepared in this manner compared to chemically fixed and dehydrated samples relates to the fact that freezing allows for all of the molecules within a cell to be immobilized within less than 1 msec (Gilkey and Staehelin, 1986) , and that during freeze-substitution the frozen water molecules are replaced by acetone while the sample is maintained at -80 0 C. By optimizing the freeze-substitution and staining protocols we have also produced positive staining of the thylakoid membranes and thereby increased our ability to precisely trace the membranes in our tomographic slice images (Fig. 1) . Compared to the thylakoid models derived from serial thin section reconstructions (Paolillo, 1970; Brangeon and Mustárdy, 1979 ) the electron tomography models produced during the course of this study have a ~20 fold higher z-axis resolution and a slightly increased x/yaxis resolution, yielding thylakoid models with a 3-D resolution of 6-8 nm. Together with the relatively large size of the reconstructed chloroplast volumes (~4x4x1.5 μm), these data have enabled us to generate high resolution reconstructions of entire grana stacks and of stroma thylakoids that bridge the space between adjacent stacks. One of the novel features of our models pertains to the actual geometry of the stroma thylakoids between adjacent grana stacks (Fig. 2, 5, 8 ).
In particular, we demonstrate that where the stroma thylakoids connect to grana thylakoids in adjacent grana stacks that are appropriately tilted with respect to each other, the thylakoids form flat, sheet-like structures ( Fig. 5D and 5A-D) . In contrast, where the parallel helical stroma thylakoid membranes are connected both to adjacent grana stacks and to each other through bridging domains, which also form links between different grana thylakoids within a given grana stack, the stroma thylakoids are branched and exhibit a less expansive sheetlike or even tubular geometry (Fig. 8E-G ). Another refinement of the helical model necessitated by our data includes a greater amount of variability in the periodicity of the organization of the stroma thylakoids around the grana stacks than previously thought (Fig. 5-7) . As illustrated in Figure 7 , the junctional slits seen in our high pressure frozen chloroplasts were not only greater but also more variable in size (30-435 nm) than those reported for the chemically fixed isolated thylakoids (13-70 nm) used in the electron tomography study by Mustardy et al. (2005) . The difference in slit size observed in the two studies is most likely due to the use of isolated thylakoids and of chemical fixation The grana-stroma thylakoid membrane system is unique in its 3-D complexity, and based on the helical thylakoid model Paolillo (1970), which our data confirmed, it is typically portrayed as a fairly rigid, stable and inflexible membrane platform. Nevertheless, continuing efforts are being made to explain the regulation of many of the dynamic processes of photosynthesis in the context of changes in thylakoid ultrastructure. Of these, the explanation of State I/II transitions in the context of lateral movements of LHCII proteins and changes in the amount of membrane stacking is best known (Staehelin and Arntzen, 1983; Allen, 1992) . However, other thylakoid structure-related regulatory mechanisms may exist that have yet to be identified. Based on the unexpectedly large variations in junctional slit size observed in this study (Fig. 7) , and the ability of these slits to shrink dramatically when exposed to chemical fixatives such as glutaraldhyde, we propose that junctional slit size may be controlled by plants to regulate the movement of protons and of membrane proteins between grana and stroma thylakoid membranes. For example, activation of the kinases that phosphorylate LHCII during State I->II transitions may also induce an increase in slits size to expedite the transfer of the phosphorylated LHCII complexes from grana to stroma thylakoid regions. Similarly, photoinhibitory light conditions might stimulate slit enlargement to facilitate the transfer of damaged PSII complexes to stroma thylakoids for repair (Aro et al., 2004 ). Yet other regulatory mechanisms might exist that have not been discovered. Alternatively, the differences in slit dimensions may be related to the mechanism of grana thylakoid assembly. There is much confusion in the literature about how the thylakoids of higher plants can become unstacked in low-salt solutions, and how the amount of thylakoid stacking is reduced during State I -> II transitions, considering the complex 3-D architecture of the in situ membranes that has been confirmed by this study. The differentiation of thylakoids into stacked grana and non-stacked stroma regions is a reflection of the compositional and functional differences of these membrane domains (Andersson and Anderson, 1980; Staehelin and van der Staay, 1996) . Typically, ~85% of the PSII and 70-90% of the LHCII complexes are confined to grana membranes, and >85% of the PSI and 100% of the ATP synthase complexes are associated with the stroma membranes. The principal thylakoid membrane adhesion factor is LHCII (McDonnel and Staehelin, 1980) .
Unstacking of grana thylakoids during
In the chlorophyll b-less clorina-f2 mutant of barley that lacks LHCII the PSII-associated light harvesting protein Lhcb5 appears to be responsible for stacking, but this stacking requires much higher concentrations of magnesium than LHCII-mediated stacking (Bassi et al., 1985; Krol et al., 1995) .
Isolated thylakoids can be experimentally unstacked by transfer to zwitterionic buffers of low ionic strength, and restacked by the addition of >3 mM MgCl 2 or >150 mM NaCl (Izawa and Good, 1966; Staehelin, 1976) . These salt effects can best be explained by neutralization of the negatively charged groups on the LHCII molecules that mediate the intermembrane protein-protein interactions by the cations (Barber, 1982; Dekker and Boekema, 2005) . Detailed studies of the changes in thylakoid membrane architecture induced by the different cation concentrations have led to the following findings.
Experimental "unstacking" of higher plant thylakoids involves three steps (Staehelin, 1986) . (Staehelin, 1976; Staehelin et al., 1977) .
Addition of cations to stage 3 type unstacked and unfolded thylakoid membranes leads to the re-establishment of large stacked membrane domains (% stacking equivalent to control membranes) and to a complete re-seggregation of all of the protein complexes (Staehelin, 1976) . However, these stacked membrane domains are not organized in the form of grana stacks. Recently, it has also been shown that in terms of macromolecular photosystem II arrangement as well as antenna organization the restacked thylakoid domains are virtually identical to stacked control membranes (Kirchhoff et al., 2007) . All of these studies contradict claims made in an earlier study of chemically fixed thylakoid samples that low salt-induced thylakoid unstacking involves membrane rupturing (Brangeon, 1974) , or requires a forked/folded membrane-type of grana architecture Arvidsson and Sundby, 1999).
Because State I/II transitions also induce changes in the amount of thylakoid stacking, many researchers have attempted to explain the State I/II changes in membrane architecture in terms of the cation concentration-dependent changes in thylakoid organization. This analogy has lead to wrong conclusions about the changes in thylakoid architecture that accompany State I/II changes, and to confusing statements about these changes in the literature.
The term State I/II transition refers to a mechanism employed by algae and higher plants to regulate exitation energy distribution between photosystems I and II (Allen, 1992) .
This regulation involves the reversible phosphorylation of LHCII by a membrane bound protein kinase. LHCII phosphorylation reduces the adhesion between LHCII complexes in adjacent thylakoid membranes due to electrostatic repulsion and associated protein conformational changes, and enables the LHCII complexes to separate from the PSII complexes and to migrate laterally though the junctional slits into the PSI-enriched nonstacked stroma thylakoid domains (Staehelin and Arntzen, 1983) . Using freeze-fracture electron microscopy to determine the accompanying changes in membrane stacking and distribution of the ~8 nm in diameter LHCII complexes between stacked and non-stacked membrane domains, Kyle et al. (1983) have produced quantitative information on State Istate II-induced membrane changes. Thus, using thylakoids isolated from peas, they observed that between 20 and 25% of the grana LHCII complexes migrated into the stroma thylakoid regions in response to phosphorylation, and that this net migration of grana membrane proteins resulted in a 23% decrease in the amount of stacked membranes. Both of these phenomena were reversed following dephosphorylation of the LHCII complexes. Throughout these events, the basic 3-D architecture of the thylakoids remained unchanged except for the change in the amount of membrane stacking (see Fig.   2 and 3B in Kyle et al., 1983) , suggesting that the changes in membrane stacking are brought about by simple membrane flow between grana and stroma thylakoids. mM MgCl, and 20 mM HEPES, pH 7.5).
Sample Preparation for Electron Tomography
Leaves were removed from plants and transferred to aluminum sample holders and 
Three Dimensional Tomographic Reconstruction, Modeling, and Analysis
The images (single or montaged frames) were aligned using the gold particles as fiducial markers as described previously (Ladinsky et al., 1999) . Each set of aligned tilts was reconstructed into a single-axis tomogram using the R-weighted back-projection algorithm (Gilbert, 1972) . Merging the two single-axis tomograms into a dual-axis tomogram involved a warping procedure rather than a single linear transformation to produce the dual-axis tomogram (Mastronarde, 1997) . In addition, dual-axis tomograms computed from adjacent serial sections were aligned and joined to increase the reconstructed volume (Austin et al., 2005) . Tomograms were displayed and analyzed with 3dmod, the graphics component of the 3DMOD (formerly IMOD) software package (Kremer et al., 1996) . Membranous structures, microtubules, and all types of vesicles were modeled as described previously (Otegui and Austin, 2007) . Once a model was completed, meshes of triangles were computed to define the surface of each object (Kremer et al., 1996) .
Supplemental Material
Video S1
Tomographic volume of a complete grana thylakoid stack and associated interconnected stroma thylakoids. An overview of grana and stroma thylakoid organization. A-C are three composite tomographic slice images (five superimposed 2.2 nm optical slices) showing views from the front A, middle B, and back C of a grana thylakoids stack. D and E are tomographic reconstructed models of the grana stack shown in A-C, with the grana thylakoids colored yellow and the stroma thylakoids colored green. Front view in D, and E the model is rotated 180 degrees to show the back view. Note that for illustrative purposes the model does not display all of the thylakoids associated with the grana stacks. Serial tomographic slice images through a grana thylakoid stack and reconstructed models of the stack A is a tomographic model of a grana stack. Grana thylakoids are colored yellow, and interconnecting stoma thylakoids are colored and numbered so their position can be tracked in the serial tomographic slices B-K. B-K show serial 2.2 nm tomographic slice images at specific z intervals through the grana stack. Electron tomogram serial sections illustrating the structure of the junctional connections between grana thylakoids and a helical stroma thylakoid. A-J show serial 2.2 nm tomographic slice images through grana-stroma thylakoid connections. The grana stack thylakoids are colored yellow, and lettered A-D, and the stoma thylakoids is colored green. Also, the stroma-grana connections are marked with arrows. Note that in A the stroma thylakoids connects with the grana thylakoids marked 'C'. In B-D the stroma thylakoids connects with grana thylakoids 'C' and 'B'. In E-F the stroma thylakoids is connected with grana thylakoids 'B' only. G-I the stroma thylakoid is connected with grana thylakoids 'B' and 'A'. Finally in J the stroma thylakoid is connected to grana 'A' only. Spatial distribution of differently sized grana-stroma connections on a grana stack. A is a tomographic model showing the top view of a grana stack (gt), with interconnected stroma thylakoids (st). B is a rotated (90 degrees) tomographic model of A. C is a tomographic model of B where the stroma thylakoid has been partially cut a way to reveal the connection site between the stroma and grana membranes (highlighted black). D is a tomographic model in which all of the stroma thylakoid membrane on the front side of the grana stack have been removed, revealing all of the stroma-grana connecting sites (highlighted in black). Note the white arrowheads pointing to a stroma-grana connecting site that is much longer than the others.
www.plantphysiol.org on July 16, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved. Tomographic models showing the varitation in stroma architechture. A shows a tomographic model with parallel, sheet like stroma thylakoid membranes (st; colored green, pink, and red) that bridge the space between two grana thylakoid stacks (gt; colored yellow), but which are not connected to each other. B-D is the same model as A), but rotated 90 degrees showing the sheet-like architecture of the individual stroma thylakoids; B green, C pink, and D red stroma thylakoids. E illustrates another tomographic model in which quasi-helical stroma thylakoids (st; colored green, red, turquoise, and pink) are seen to connect two grana stacks (gt; colored yellow). F and G Same model as E, but F is rotated 60 degrees to better demonstrate the 3-D interconnectivity of the green (semi-transparent) and the red stroma thylakoid membranes; G rotated 45 degrees showing the interconnectivity between the red and turquoise stroma thylakoid membranes.
